Emerging evidence indicates that many microRNAs (miRNAs) are indispensable regulators of osteoblast differentiation and bone formation. However, the role of miRNAs in mechanotransduction of osteoblasts remains to be elucidated. This study aimed to identify a mechanosensitive miRNA that regulates Activin A receptor type I (ACVR1)-induced osteogenic differentiation. After 4 weeks of hindlimb unloading (HLU) suspension of 6-month-old male C57BL/6J mice, femurs and tibias were harvested to extract total bone RNAs. Elevated levels of miR-208a-3p correlated with a lower degree of bone formation in whole-bone samples of HLU mice. However, in vitro overexpression of miR-208a-3p inhibited osteoblast differentiation, whereas silencing of miR-208a-3p by antagomiR-208a-3p promoted expression of osteoblast activity, bone formation marker genes, and matrix mineralization under mechanical unloading condition. Bioinformatics analysis and a luciferase assay revealed that ACVR1 is a target gene of miR-208a-3p that negatively regulates osteoblast differentiation under mechanical unloading environment. Further, this study also demonstrates that in vivo pre-treatment with antagomiR-208a-3p led to an increase in bone formation and trabecular microarchitecture and partly rescued the bone loss caused by mechanical unloading. Collectively, these results suggest that in vivo, inhibition of miRNA-208a-3p by antagomiR-208a-3p may be a potential therapeutic strategy for ameliorating bone loss.
INTRODUCTION
The remodeling of bones is a process that takes place due to activity of bone forming and bone resorbing cells. [1] [2] [3] Osteoblasts are the cells that are principally responsible for the bone post-natal formation. 4 Their differentiation is a vital step in the procurement of bone mass, skeletal development, and ameliorating bone disorders. Osteoblast differentiation is triggered via mechanical stimulation by inducing the secretion of hormones and growth factors, thus affecting differentiation and proliferation potential of osteoblasts. [5] [6] [7] Decreased mechanical loading owing to extended bed rest or exposure to microgravity (such as that experienced by astronauts) may result in significant bone loss of weight-bearing bones and a subsequent rapid progression of osteoporosis. [8] [9] [10] [11] Additionally, microRNAs (miRNAs) play a substantial coordinating role in osteoblast differentiation and bone formation. 12 Notably, miRNAs have potential roles in bone dynamics and metastatic bone diseases. 13, 14 miRNAs are $22 nucleotide fragments of noncoding RNAs that are involved in various steps of regulatory mechanisms responsible for target gene expression in several biological responses. [15] [16] [17] [18] Recently, it has been reported that miR-103a play a crucial role in osteoblast differentiation. This study further showed that in mechanical stressregulated bone formation, miR-103a targets mainly Runx2. 19 Similarly, the in vitro study stated that miR-33-5p suppresses osteoblast differentiation by inhibiting expression of Hmga2 under different mechanical environments. 20 Moreover, mechanical loading-sensitive miR-153 downregulates osteoblast differentiation by directly targeting BMPR2. 21 Various miRNAs are essential for osteoblast differentiation by targeting principal transcription factors and signaling pathways involved in the differentiation process, [22] [23] [24] as well as influencing the function of mesenchymal stem cells (MSCs). 25, 26 However, many of these miRNAs have only been identified in vitro. Biomolecules such as growth factors, cytokines (TGF-b1, BMP), signal transduction proteins (Wnt), and transcription factors (Runx2) are thought to be involved in the regulation of miRNA expression and their function in osteoblast differentiation.
The type I bone morphogenetic protein receptor ACVR1 (Activin A receptor, type I), which is also called ALK2, functions as the key receptor for bone morphogenic protein 7. 27 In humans, the pathological role of ACVR1 is fairly well described: point mutations in the ACVR1 gene have been linked to the hereditary autosomal-dominant disorder of fibrodysplasia ossificans progressiva (FOP), which is characterized by excessive extra-skeletal bone formation (so-called heterotopic ossifications). [28] [29] [30] However, the physiological role of ACVR1 and in particular its down-and upstream (miRNA) regulators are still partly unclear.
During adipocyte differentiation, it has been validated that ACVR1 is repressed by binding of miR-30c to its 3 0 UTR. 31 miR-130a was described as another regulator of ACVR1 in iron-deficient mouse liver. 32 For bone, evidence from a knockout study on the endogenous role on ACVR1 in osteoblasts suggests a new regulatory BMP7-ACVR1-SOST/DKK1 axis. The authors found that a conditional disruption of ACVR1 in bone cells (including immature osteoblasts, mature osteoblasts, and osteocytes) led to an increase in endogenous bone mass during postnatal development 33 via suppression of Wnt inhibitors sclerostin (SOST) and dickkopf-1 (DKK1). 34 Another study also described that SOST play a central role in regulating bone's response to mechanical loading. 35 In the present study, we are interested in identifying a set of candidate miRNAs (mechanosensitive) that are expressed during hindlimb unloading (HLU) in mice with a special focus on those miRNAs that directly target ACVR1 and to test these miRNAs and their antagomiRs for their osteogenic potential. For this purpose, we screened differentially expressed miRNAs from HLU mouse bone and found that miR-208a-3p was negatively correlated with osteogenesis. This study demonstrated that inhibition of miRNA-208a-3p by antagomiR-208a-3p may be a potential therapeutic strategy for minimizing unloading-dependent bone loss in vivo. Further, our study shows that miR-208a-3p has a complementary role in osteoblast differentiation where it suppresses osteogenesis.
RESULTS

Overexpression of miR-208a-3p in an HLU Mouse Model
To determine the inhibitory effects of mechanical unloading on the formation of bone, we used a HLU mice model ( Figure S1A ). This technique is extensively used for the purpose of studying numerous aspects of musculoskeletal unloading. 19, 36, 37 Body weight did not differ significantly (total number of mice in each group = 8) among base line, control, and HLU groups at the end of the experimental period (Figure S2A) . Additionally, serum and urine calcium levels of HLU groups were found to be higher compared to control ( Figure S2B ). Muscle weight (soleus and gastrocnemius) and mechanical properties (area moment of inertia; bending energy absorption; elastic modulus; maximum force and stiffness coefficient) of bone were also analyzed ( Figures S2C and S2D ).
Quantitative micro-computed tomography (mCT) was used to analyze the structure and parameters of trabecular bone of distal femurs, including trabecular bone volume (BV/TV), trabecular number (Tb.N), trabecular separation (Tb.Sp), and trabecular thickness (Tb.Th) in baseline, control, and HLU mice. These results showed that HLU led to bone resorption in mouse femur after 28 days of hindlimb suspension ( Figure S1B ). Moreover, 3D images showed the trabecular bone distance and separation, indicating bone loss in HLU mice ( Figure S1C ). Further significant changes were observed in bone mineral density (BMD) and bone mineral content (BMC) of the HLU model as compared to control mouse bones ( Figure S1D ). Bone histomorphometric analysis revealed that the bone formation-related parameters (Ob.S/BS, MAR, BFR, and N.Ob/B) were significantly lower in HLU mice ( Figure S1E ). Consistent with this mCT observation, HLU was accompanied by a decrease in bone formation marker genes ALP, Col1a1, and OCN when compared to base line and control group ( Figure S1F ).
In order to decipher additional information regarding miRNA208a-3p, we predict possible targets of miRNA-208a-3p with the help of TargetScan, 38 miRanda, 39 miRecords, 40 and miRBase 41 databases. The predicted targets included ACVR1, which has a binding site for miRNA-208a-3p in its 3' UTR. ACVR1 mRNA has a significantly long 3' UTR (1,101 nucleotides) based on RNA blotting and the sequence of cDNA clones ( Figures S4A and S4B ). miRNAs were demonstrated to possess a complicated role in the process of mechanical transduction. 19, 42 In order to explore the response of miRNAs under the mechanical unloading condition in bone tissue, initially we studied miRNAs obtained from HLU mice bone, (Table S1 ) which, according to previous studies, have been highlighted to take part in the process of osteogenic differentiation. 12, 43 In the beginning, we carefully chose 14 miRNAs involved in osteogenesis, including miR-30, miR-33-5p, miR-96-5p, miR-103a, miR-130b-5p, miR-137, miR-140-5p, miR-148a-3p, miR-154-3p, miR-183-5p, miR-208a-3p, miR-365-3p, miR-384-5p, and miR-542-3p; all were examined as a potential regulators of the ACVR1 3 0 UTR through multiple binding sites. In our experiment, we observed significant differential expression of eight miRNAs from this list, including miR-30, miR-103a, miR130b-5p, miR-140-5p, miR-183-5p, miR-208a-3p, miR-384-5p, and miR-542-3p from control and HLU mice bone ( Figure 1A ). qPCR analysis highlighted significant upregulation of miR-208a-3p expression compared with other miRNAs during HLU ( Figure 1A) , displaying a similar variation pattern as in random positioning machine (RPM; provide simulated microgravity), which may lead to the bone loss ( Figure 1B ). It was found that miR-208a-3p expression was more overexpressed than the other differentially expressed miRNAs in in vivo HLU and in in vitro RPM unloading conditions ( Figures 1A and 1B) .
Relative expression of miR-208a-3p was analyzed from control and HLU mouse bone by qPCR ( Figure 1C ). Consistently, we found that overexpression of miR-208a-3p lead to downregulation of ACVR1 mRNA in the HLU group, and further western blot analysis showed lower expression of ACVR1 protein in HLU mice as compared to the control group ( Figure 1D ). To gain more insight into the cellular functions possibly affected by miR-208a-3p, predicted target genes were analyzed. We hypothesized that if miRNA target genes are physiologically relevant, then they should produce significant interaction networks in the pathway analysis. Concurrently, we also investigated BMP2 and Smad expression. Western blot and qPCR analysis have shown that BMP2, Smad1/5, and Smad4 band intensity and their mRNA level were decreased in the HLU group as compared to control (Figures 1E-1G ). To determine whether miR-208a-3p could influence osteoblast differentiation, MC3T3-E1 cells were subjected to mock (Lipofectamine 2000 only), antagomiR-negative control (NC), and antagomiR-208a-3p transfection. We found that the level of miR-208a-3p was downregulated, while ACVR1 expression was upregulated in osteoblasts treated with antagomiR-208a-3p All data were expressed as means ± SD. Significance is noted at these thresholds: *p < 0.05, **p < 0.01, ***p < 0.001. One-way ANOVA with a post hoc test was performed. Statistical differences between two groups were determined by Student's t test. n = 8 mice in each group. www.moleculartherapy.org Molecular Therapy: Nucleic Acids Vol. 11 June 2018(MC3T3-E1 + antagomiR-208a-3p) compared to osteoblasts treated with mock (MC3T3-E1 + mock) and negative control (MC3T3-E1 + antagomiR-NC) (Figures 2A and 2B) .
To investigate the function of miR-208a-3p during extracellular matrix mineralization, cells were transfected with antagomiR208a-3p. To maintain stable and constant expression, antagomiR208a-3p, mock, and negative control were supplemented every 3 days. After 24 days, we found less mineral deposition in mockand antagomiR-NC-transfected cells as compared to antagomiR208a-3p-transfected cells ( Figure 2C ). Consistently, overexpression of miR-208a-3p reduced ALP activity and staining, whereas knockdown of miR-208a-3p with antagomiR-208a-3p transfection enhanced ALP activity and staining. Similarly, reduction in ALP activity and staining were also observed in mock and negative control groups ( Figure 2D ). However, in vitro transfection effects were further assessed by osteoblast activity, bone formation marker genes (ALP, Col1a1, OCN, and Runx2), and matrix mineralization. Cells were harvested for 48 hr after transfection, mRNA expression was assessed with qPCR. Bone formation marker genes were significantly upregulated after antagomiR-208a-3p transfection as compared to mock and antagomiR-NC (Figure 2E) . Furthermore, western blot analysis indicates that after antagomiR-208a-3p transfection, ACVR1 protein expression was enhanced ( Figure 2F ). Together, our results suggest that miR-208a-3p plays a negative regulatory role in osteoblast differentiation and subsequently suppresses mineralization and ALP activity. Significance is noted at these thresholds: *p < 0.05, **p < 0.01, ***p < 0.001. One-way ANOVA with a post hoc test was performed. Statistical differences between two groups were determined by Student's t test.
miR-208a-3p Directly Targets ACVR1 and Is Negatively Correlated with ACVR1
For the purpose of additional clarification of the connection existing between miR-208a-3p and ACVR1, the degree of expression of miR-208a-3p and ACVR1 was thoroughly examined in osteoblast differentiation. We observed that there was a significant upregulation of miR-208a-3p during the initial phase of osteoblast differentiation (day 1 to day 7), which slowly reduced afterwards (day 7 to day 28). But the ACVR1 mRNA expression appeared to be having a differing modification tendency to miR-208a-3p through the mineralization phase, except for day 14 to day 17 when mineral began to deposit ( Figure S3A ). During osteoblast mineralization phase, miR-208a-3p levels decreased gradually, and the amount of ACVR1 protein increased. To further identify the miR-208a-3p target region in the ACVR1 mRNA, we constructed luciferase reporter vectors. To test whether miR-208a-3p directly targets ACVR1, we constructed luciferase reporters that had either a wild-type (WT) ACVR1 3 0 UTR or an ACVR1 3 0 UTR containing mutant sequences in miR-208a-3p binding sites ( Figure 3A ). Further, we have co-transfected MC3T3-E1 cells with luciferase reporter constructs and miR-208a-3p oligonucleotides. Luciferase activity of ACVR1 with a mutated 3 0 UTR was not repressed by antagomiR-208a-3p. Luciferase activity of WT ACVR1 3 0 UTR and activity of the mutant ACVR1 3 0 UTR reporter was significantly increased after treating MC3T3-E1 cells with antagomiR-208a-3p, and activity of mutant ACVR1 3 0 UTR reporter was also affected ( Figure 3B ). To find out that osteoblast differentiation is ACVR1 dependent, we constructed ACVR1 siRNA and examined its effect on osteoblast differentiation. PCR analysis of ALP, OCN, and Col1-a1 mRNA levels was performed in MC3T3-E1 cells. The results have shown that suppression of siRNA-ACVR1 has downregulated the expression of ALP, Col1-a1, and OCN. These changes were also observed at the protein level, as indicated by western blot analysis of ALP, OCN, and Col1a1. (Figures 3C-3E ). All together, our results demonstrate that miR-208a-3p directly targets ACVR1 through interaction with its 3 0 UTR during osteoblast differentiation. , and OCN (E) protein expression in MC3T3-E1 cells in which ACVR1 expression was inhibited by siRNA. All data were expressed as means ± SD. Significance is noted at these thresholds: *p < 0.05, **p < 0.01, ***p < 0.001. One-way ANOVA with a post hoc test was performed. Statistical differences between two groups were determined by Student's t test. NS, not significant; NC, negative control; Rluc, Renilla luciferase.
AntagomiR-208a-3p Resumes the Reduction of Osteoblast Differentiation Induced by RPM Unloading
In order to determine the loss-of-function of miR-208a-3p on differentiation of osteoblasts under RPM conditions in vitro, a culture of MC3T3-E1 cells was set up with antagomiR-208a-3p transfection. The levels of miR-208a-3p in the antagomiR-208a-3p group was significantly reduced after unloading for 48 hr under RPM conditions as compared to that in the antagomiR-NC group ( Figure 4A ). Moreover, antagomiR-208a-3p resumed the ACVR1 expression that had been reduced due to RPM unloading ( Figure 4B ). Additional confirmation of these findings was established in MC3T3-E1 cells that had been placed under RPM exposure but not transfected with antagomiR-208a-3p ( Figures 4C and 4D) . Besides, antagomiR208a-3p was able to restore the RPM unloading dependent reduced . All data were expressed as means ± SD. Significance is noted at these thresholds: *p < 0.05, **p < 0.01, ***p < 0.001. One-way ANOVA with a post hoc test was performed. Statistical differences between two groups were determined by Student's t test.
expression of genes involved in osteogenesis, such as ALP, Col1al, OCN, and Runx2 mRNA, compared to control and antagomiR-NC ( Figure 4E ).
Consistent with the ability of antagomiR-208a-3p to silence miR-208a-3p, we found mock-and antagomiR-NC-transfected cells had lower levels of ACVR1 protein than control and antagomiR-208a-3p-transfected cells under RPM ( Figure 4F ). Moreover, alizarin red staining showed significantly more mineral deposition in control cells as compared to RPM ( Figure 4G ). Overall, our findings are conclusive with regards to the sensitivity of miR-208a-3p to mechanical unloading. It is highly plausible that miR-208a-3p is mechanosensitive because, during the process of osteoblast differentiation, it is negatively regulated.
Therapeutic Inhibition of miR-208a-3p Counteracts the Decrease of Bone Formation in HLU Mouse Model
In view of our observations that the decrease in osteoblast differentiation takes place under RPM unloading conditions and is accompanied by an increase in miR-208a-3p levels ( Figure 4 ) and whole-bone (femur) after 28 days of HLU ( Figure S1 ; Figure 2 ), we speculated that decreased bone formation could be restored by antagonizing miR-208a-3p in the HLU mouse model. To conclusively answer this question, the mice in the HLU group were separately administered 3 successive injections of PBS, antagomiR-NC, and antogmiR-208a-3p via the caudal tail vain 36 ( Figure 5B ). To maintain the effect of miR-208a-3p, mice received more antagomiR-208a-3p injections as described above on days 1 to 3 during the third week of HLU ( Figure 5B ).
The mice were sacrificed after 28 days of HLU and analysis was performed. We found the expression profile of miR-208a-3p in different tissues of C57BL/6J mice. The results clearly showed that miR-208a-3p expression was much higher in HLU femur bone than in other tissues, indicating that miR-208a-3p may play a crucial role in bone remodeling ( Figure 5A ). On additional investigation, it was revealed that, in the femur bone of HLU mice treated with antagomiR208a-3p (HLU+antagomiR-208a-3p), miR-208a-3p expression was downregulated and expression of ACVR1 was upregulated in comparison to HLU mice that were treated with negative control antagomiR (HLU+antaomiR-NC) ( Figure 5C ). Our results showed a significant decrease in BMD and BMC of HLU, HLU+PBS, and HLU+ antagomiR-NC mice, whereas these parameters were significantly increased in HLU+antagomiR-208a-3p-treated mice ( Figure 5F ). Moreover, a schematic representation of 3D femur bone images showed bone loss in HLU, HLU+PBS, and HLU+antagomiR-NC groups, but the bone loss caused by mechanical unloading was partly rescued by antagomiR-208a-3p ( Figure 5D ). Calcein labeling indicated an increase in bone formation in the antagomiR-208a-3p-treated HLU group compared to other HLU groups ( Figure 5E ). Trabecular bone mass was markedly lost (BV/TV), and trabecular architecture was significantly impaired (lower in Tb.Th and Tb.N and higher in Tb.Sp) in HLU, HLU+PBS, and HLU+antagomiR-NC mice, whereas this decrease was prevented by treatment with antagomiR-208a-3p ( Figure 5G ). Furthermore, bone histomorphometric analysis revealed that bone formation-related parameters Ob.S/BS and BFR were increased in HLU+antagomiR-208a-3p mice as compared to HLU, HLU+PBS, and HLU+antagomiR-NC-treated mice ( Figure 5H ). Moreover, HLU mice in comparison to controls were shown to have low expression levels of osteogenic genes, such as ALP, Col Ia1, Runx2, and Ocn, while the HLU+ antagomiR-208-3p group showed that the reduced mRNA levels of these genes were partially counteracted ( Figure 5I ). These observations highlight that antagonizing miR-208a-3p results in partial counteraction of low ACVR1 expression and a reduction in bone formation induced by mechanical unloading.
DISCUSSION
The present study demonstrated that miR-208a-3p is an important inhibitor of bone formation under mechanical unloading conditions. Our results suggest that therapeutic inhibition of miR-208a-3p in osteoblasts may promote bone formation. By rescuing the trabecular bone, which has been shown to be lost in mechanical unloading conditions, inhibition of miR-208a-3p seems to be a potential promising therapeutic agent for mechanically unloaded bone loss. However, future studies have to elucidate that how much miR-208a-3p is dysregulated in bone loss under mechanical unloading conditions.
It has been shown that mechanical unloading leads to a decrease in the expression of osteogenic genes along with a reduction in bone mass and mineral deposition. [44] [45] [46] Many researchers have reported the modulatory effects of mechanical unloading, including simulated (I) qPCR analysis expression of osteogenic genes ALP, Col Ia1, Ocn, and Runx2 in six group. Each experimental group was compared to the others. All data were expressed as means ± SD. Significance is noted at these thresholds: *p < 0.05, **p < 0.01, ***p < 0.001. One-way ANOVA with a post hoc test was performed. Statistical differences between two groups were determined by Student's t test. n = 8 mice in each group. microgravity, clinostat, and HLU on the miRNAs' expression levels. 19, 47, 48 Bin Zuo et al. 19 has described that mechanosensitive miR-103a inhibit bone formation by targeting Runx2, which is a key regulator of osteogenesis. It has also been reported that Cav1.2 expression in simulated microgravity is suppressed by miR-103, leading to a decrease in osteoblast proliferation. 48 In the current study, we have demonstrated findings similar to the ones mentioned before, highlighting the involvement of mechanosensitive miR-208a-3p in osteoblast differentiation.
Our present study has shown that under mechanical unloading, ACVR1 mRNA levels decreased with an expression profile concurrent to miR-208a-3p, whereas downregulation of ACVR1 downregulated BMP2 (Figure 1 ). This inhibition of BMP2 further downregulates SMAD1/5 and SMAD4, leading to the suppression of osteoblast-specific gene transcription (Figure 1 ). To understand the relation of miR-208a-3p with the mechanical unloading condition in regards to osteoblast differentiation and bone formation, we looked for possible targets of miR-208-3p. Our search revealed interesting data highlighting that the 3'UTR of ACVR1 has an 8-nt perfect match site to the miR-208a-3p seed region ( Figure 3 ; Figure S4 ), and a decrease in miR-208a-3p levels as a consequence of transfection of antagomiR-208a-3p leads to enhancement of ACVR1 expression ( Figure 2 ). It has been confirmed by Luciferase reporter experiment that miR-208a-3p directly targets the ACVR1 3 0 UTR (Figure 3 ). Additionally, inverse association exists between expression levels of ACVR1 and miR-208a-3p. These findings indicate the possibility of ACVR1 being a physiological target of miR-208a-3p and the existence of negative feedback regulation between the two. Regulation of gene expression plays vital regulatory roles in diverse cellular processes by various mechanisms at different levels. A number of recent studies have focused on miRNA's role in post transcriptional regulation of gene expression in pathophysiological conditions. 49 A recent study reported that miR-148a may directly downregulate ACVR1 by targeting the 3 0 UTR of ACVR1 mRNA. 50 Moreover, we demonstrated that antagonizing miR-208-3p by antagomiR-208a-3p significantly increases the expression of genes related to osteogenesis along with ALP activity and ACVR1 expression under RPM mechanical unloading conditions ( Figure 4) . Similarly, our findings in vivo demonstrated that antagonizing miR-208a-3p leads to the counteraction of an HLU-induced ACVR1 expression alleviating a reduction in bone formation ( Figure 5 ). These results suggest that miR-208a-3p inhibits bone formation through a negative feedback mechanism between miR-208a-3p and ACVR1 under mechanical unloading conditions. We have proposed a model for miR208a-3p-mediated suppression of osteoblast differentiation targeting by ACVR1 (Figure 6 ). Interestingly, an in vivo study found that conditional interruption of ACVR1 activity favors bone formation by promoting osteoblast-specific gene expression. In addition, ACVR1 protein controls the growth and development of bones and muscles, including the gradual replacement of cartilage by bone. 33 Likewise, a recently published study reported that ACVR1 mutant mice or cells have an important regulatory role in osteogenic differentiation of MSCs. 51 Previously, it has been reported that miR-208a-3p is highly expressed in hepatocellular carcinoma, cardiac remodeling, and human esophageal squamous cell carcinoma, indicating that miR208a-3p participates in carcinogenesis and metastasis as well. [52] [53] [54] However, there have been no data available on the role of miR208a-3p in osteoblast differentiation. In this study, we proposed a mechanism for how miR-208a-3p is involved in regulation of ACVR1 protein in bone. Several studies indicated that cyclic mechanical stretching could modulate the expression of a panel of miRNAs, which are involved in cellular response to mechanical force in different cell lines. 19, [55] [56] [57] A few years back, studies reported that multiple miRNAs were shown to be important regulators of bone-remodeling-related gene expression on a post-transcriptional level and could further contribute to human skeletal disorders www.moleculartherapy.org such as osteopenia or osteoporosis. 36, 58 It is an established phenomenon that miRNAs can regulate the mRNA levels of their targets, and pharmacological silencing of miRNAs using antagomiRs might therefore lead to the regulation of many mRNAs. 59 However, the function of specific mechanosensitive miRNAs in mechanical unloading-induced osteoblast differentiation have not been characterized or understood clearly.
Our data demonstrate that an elevation in miR-208a-3p expression during mechanical unloading results in downregulation of ACVR1 protein in MC3T3-E1 cells. To investigate the molecular mechanism by which miR-208a-3p inhibits osteogenic differentiation, we evaluated the target gene of miR-208a-3p. Our data show that a change in miR-208a-3p levels under mechanical conditions results in an alteration of the amount of ACVR1 protein. Upregulation of ACVR1 activity favors bone formation by promoting expression of its downstream osteoblast-specific marker genes, whereas in the HLU mouse model, therapeutic inhibition of miR-208a-3p in vivo may promote bone formation by exerting an anabolic effect under pathological mechanical conditions.
Conclusions
Importantly, we not only found that inhibition of miR-208a-3p by antagomiR-208a-3p increased osteoblast differentiation in cell line MC3T3-E1, but also confirmed a positive effect in HLU-induced bone loss. AntagomiR-208a-3p treatment reversed the bone loss induced by mechanical unloading and partially restored trabecular and cortical areas of bone. Furthermore, antagomiR-208a-3p treatment enhanced ACVR1 expression and bone formation marker genes and restored biomechanical properties of bone, demonstrating that bone architecture was also preserved. This robust response suggests that inhibition of miR-208a-3p and enhanced ACVR1 signaling by antagomiR-208a-3p represents a promising unique therapeutic approach for the treatment of bone-related disorders.
MATERIALS AND METHODS
HLU Mice
Six-month-old male C57BL/6J mice were purchased from the University of Veterinary and Animal Sciences, Lahore, Pakistan. All mice were kept individually in clean plastic cages under standard controlled conditions (12-hr light/12-hr dark cycle, 25 C). Control animals were singly housed to mimic the increased stress of singly housed HLU animals (number of animals in each group = 8) at the University of Health Sciences, Lahore, Pakistan. Hindlimb of HLU mice were kept suspended for 4 weeks. The hindlimb suspension was based on the procedure described previously by Morey-Holton and Globus. 60 In short, a strip of sterile adhesive tape (15 cm Â 0.5 cm) was adhered laterally along the animal's tail, which was suspended by sticking the tape to a chain that turns on a pivot attached to the top of the cage. This maneuver permitted only the forelimbs to contact the cage floor, and the animals had ad libitum access to food and water.
The height of the mice was adjusted to prevent the hindlimbs from contact with any supporting surface, and care was taken to maintain a suspension angle below 30 . The animal's overall appearance, drinking/eating habits, and tail were monitored three times a day. The procedure did not occlude blood flow at the distal end of the tail (i.e., the tail remained pink). After euthanasia, HLU bones (femurs and tibias) were harvested and distal femurs were processed for microCT (mCT) examination and qPCR analysis. The research was conducted in accordance with the internationally accepted principles for laboratory animal use and care as found in the European Community guidelines (EEC Directive of 1986; 86/609/EEC) and the US guidelines (NIH publication #85-23, revised in 1985).
Physical and Biochemical Analysis Body Weight
The body weight of the mice was monitored during a 28-day experimental period. Body weight of baseline, control, and HLU groups did not differ significantly during the experimental period ( Figure S2A ). The mice were weighed twice per week throughout the experiment, control animals showed normal growth, and HLU body weight decreased in the first week of suspension but gradually increased during the next 3 weeks of suspension. This showed significant growth during the experiment and suggested that suspension was not a significant source of stress.
Blood and Urine Collection
Blood and urine samples were collected before and after HLU suspension for determination of calcium metabolism. Baseline studies were conducted 1 week before suspension ( Figure S2B ). Total calcium was measured in serum and urine with a Perkin-Elmer 4000 atomic absorption spectrophotometer (Perkin-Elmer, Norwalk, MA, USA).
Mechanical Testing
A load-deformation test was conducted, and results were recorded with deformation as a function of the applied load. Mechanical strength of bone was examined by measuring the area moment of inertia, elastic modulus, bending energy absorption, maximum stress, and stiffness coefficient of femurs mid-diaphysis ( Figure S2D ) according to the guideline of Jepsen et al. 61 Femurs were prepared for biomechanical testing by wrapping in normal saline-soaked gauze and freezing at À20 C and mechanically tested with three-point bending. Fresh-frozen femurs were thawed at room temperature then centered longitudinally with the anterior surface on the two lower support points spaced 10 mm apart. A material testing system (SANS CMT 5304 China) was used to apply a flexion moment in the anteroposterior plane of the surface at a constant displacement rate of 1.2 mm/min until fracture occurred by three-point bending. Mechanical data were acquired at 30 Hz and used to determine bending energy absorption (N.mm), elastic modulus (GPa), maximum stress (MPa), and stiffness coefficient (mm.N À1 ).
mCT Analyses
Distal femur from each mouse was scanned ex vivo using a mCT system GE eXplore Locus mCT 29 mm resolution scanner to produce images, and these images were then analyzed with Micview V2.1.2 evaluation software for segmentation, three-dimensional morphometric analysis, density, and distance parameters (GE, USA). Soleus and gastrocnemius muscles were separated and weighted (Figure S2C) . In brief, femurs and tibias were harvested from euthanized mice. Soft tissues were cleaned, and the femur bones were fixed in ethanol for mCT analysis and tibias were preserved in RNA Later at À80 C for miRNA extraction using PCR. Three-dimensional structural parameters including: Tb.N, BV/TV per tissue volume, Tb.Th, Tb.Sp, average cortical thickness (Ct.Th), cortical area fraction (Ct.Ar/Tt.Ar), cortical bone area (Ct.Ar), total cross-sectional area (Tt.Ar), and analysis of BMD, tissue mineral density (TMD), and BMC were analyzed. To assess dynamic indices of bone formation, mice received subcutaneous injections of green-fluorescent calcein (Sigma; 5 mg.kg À1 body weight) on day 8 of the experiment and 2 days before euthanasia.
For bone static histomorphometric analysis, distal femurs were dehydrated in graded ethanol and embedded without decalcification in methyl methacrylate (MMA). 36 Frontal sections of trabecular bone were obtained from distal femur (at a thickness of 15 mm) for osteoblast surface/bone surface and osteoblast number/bone perimeter, (Ob.S/BS and Ob.N/B.Pm) and bone dynamic histomorphometric analysis for mineral apposition rate and bone formation rate/bone surface (MAR and BFR/BS) were performed using professional image analysis software (ImageJ, NIH, USA) under fluorescence microscopy (Leica image analysis system, Q500MC). Bone histomorphometric parameters were calculated and expressed according to the standardized nomenclature for bone histomorphometry.
miRNA Target Site Prediction
Several databases were utilized to search possible target genes for differentially expressed miRNAs: PicTar (http://pictar.mdc-berlin. de/), TargetScan (http://www.targetscan.org), miRBase (http://www. mirbase.org), and miRanda (http://www.microrna.org). Another database, miRWalk (http://zmf.umm.uni-heidelberg.de/apps/zmf/ mirwalk2) was used for the prediction and validation of miRNAs targets. Computational target predictions were ranked according to the total context score of the conserved sites.
miRNA Extraction and qPCR
Bones from control and experimental animal groups were harvested and soft tissues and growth plates were removed and preserved in RNA Later (QIAGEN) until extraction of miRNAs. All samples were stored at À80 C. Total RNA was extracted using TRIzol reagent (Invitrogen) following the manufacturer's instructions. For detection and purification of miRNA from bone tissue and MC3T3-E1 cells, a TaKaRa miRNA reverse transcription-PCR kit was used for cDNA construction. For the validation of miRNAs, cDNA samples were used as a template for qPCR. For qPCR validation of miRNAs, cDNA were obtained according to the protocol of the one-step PrimeScript miRNA cDNA synthesis kit. All samples were analyzed twice, and equal amounts of cDNA were amplified with SYBR Premix Ex TaqII (TaKaRa, Japan). After the reverse transcription reaction, qPCR analysis was performed by the Thermal Cycler C-1000 Touch system (Bio-Rad CFX Manager, USA). All amplifications were normalized to GAPDH mRNA and U6 small nuclear RNA (snRNA). Data were analyzed using the comparative Ct method (2 ÀDDCt ) and expressed as fold change compared to their respective control. The miRNA primer sequences used in this study are provided in Table S1 . For the quantitative determination, SYBR green reagents were used, and primer sequence for ALP, OCN, and Type I Collagen mRNA are is provided in Table S2 .
Cell Culture and Transfection
The mouse osteoblast cell line MC3T3-E1 was kindly donated by the University of Veterinary and Animals Sciences, Lahore, Pakistan. The MC3T3-E1 cell line was cultured in complete DMEM (Hyclone) supplemented with 10% fetal bovine serum (FBS) (Gibco), 1% penicillin and streptomycin (Hyclone), and 0.3 mg/mL G418 (Sigma). Cell cultures were incubated and maintained at 37 C with 5% CO 2 at a relative humidity of approximately 95% and were not used beyond passage 10. When necessary, cells were detached using 0.25% trypsin/10 mM EDTA (Hyclone), resuspended in antibiotic-free growth medium, and seeded in 24-well plates at cell densities of 
Alkaline Phosphatase Staining
The detailed procedure of cell culture was explained above. Alkaline phosphatase (ALP) staining was performed with BCIP/NBT alkaline phosphatase color development kit (Beyotime, China) according to the manufacturer's instructions. 62, 63 In brief, cells were carefully rinsed with PBS and fixed with 10% neutral buffered formalin to cover the cellular monolayer at room temperature for 15 min. After fixation, cells were rinsed in washing buffer and then incubated in BCIP/NBT liquid substrate for 1-24 hr. Sample preparation and incubation were performed at room temperature while protected from exposure to light. Color change was monitored (osteoblast cells will stain blue/ purple) to avoid non-specific staining and cells were observed under a CCD microscope, and the stained cell cultures were imaged by a scanner (BenQ 5560B, Taiwan, China). All the staining data were confirmed by three repeated tests.
Alizarin Red Staining
The detailed procedure of cell culture was explained above. To induce osteoblast mineralization, MC3T3-E1 cells were cultured in 24-well plates with osteogenic medium containing 100 nM dexamethasone, www.moleculartherapy.org 50 mM ascorbic acid, and 10 mM b-glycerophosphate (Sigma). Cells were fixed with 1 mL of 10% formalin per well, and plates were incubated at room temperature for 15 min. Cells were rinsed with 1 mL of 1Â PBS and stained with 500 mL 0.5% alizarin red stain solution, pH 4.0, for 15 min at room temperature. After incubation, cells were rinsed with 1 mL of ddH 2 O on an orbital shaker for 5 min. The mineralized nodules were stained as red spots after removal of unincorporated excess dye with ddH 2 O. Finally, plates were observed under a CCD microscope and scanned with scanner (BenQ 5560B, Taiwan, China). All the staining data were confirmed by three repeated tests.
ACVR1 3
0 UTR Cloning and Luciferase Reporter Assay
The mouse ACVR1 3 0 UTR containing the miR-208a-3p binding sequence for the ACVR1 gene (gene ID 11477) was amplified by PCR from mouse genomic DNA. The PCR product was then subcloned into the XbaI site downstream of the stop codon in a pGL3 vector (Promega). Binding-region mutations were achieved using a Quik Change Site-Directed Mutagenesis Kit (Stratagene) by following the manufacturer's instructions. Transient transfection of MC3T3-E1 cells (1 Â 10 6 cells per well) was carried out in six-well plates with Lipofectamine 2000 (Invitrogen) following the manufacturer's instructions. The cells were co-transfected with 200 ng of luciferase constructs and 50 ng of the pRL-TK (Promega) Renilla luciferase plasmid, and luciferase assays were performed with the dualluciferase reporter assay system (Promega) according to the manufacturer's instructions. Luminescence was quantified with a luminometer (Glomax, Promega), and each value from the firefly luciferase construct was normalized to the Renilla luciferase signal.
RPM
The mechanical unloading condition for cell culture was simulated as described previously by making use of a desktop RPM (The Center for Space Science and Applied Research of Chinese Academy of Sciences). 64, 65 RPM was placed inside an incubator at 37 C, and vessels used for cell culture were secured to the inner frame of RPM. For the purpose of studying mechanical unloading, 2.0 Â 10 5 cells/cm 2 of MC3T3-E1 cells were seeded on glass coverslips placed in a 90 mm dish and incubated at 37 C. Cells were allowed to reach confluence and then transfected as described earlier (without vitamin C and bglycerophosphate) and kept in DMEM containing 10% FBS (Gibco) with 1% penicillin and streptomycin (Hyclone). The RPM culture flasks containing growth medium were firmly capped (air bubbles avoided) and fixed on the inner frame of the RPM. It was operated for 48 hr using a random mode for speed (0-8 rpm) and direction, including both inner and outer frames. 66 The static control group cells were also cultured inside the same incubator at 37 C but without rotation. All experiments were repeated three times.
Western Blot Analysis
Western blot cells were harvested and then lysed on ice using cell lysis buffer (Beyotime, China) with 1% protease inhibitor Cocktail Set III (Merck, Germany). The collection of protein fractions was done by 5 min centrifugation at 15,000 g, 4 C and then subjected to SDS-PAGE. Afterward, the protein fractions were transferred onto an NC membrane (PALL, USA). After treatment with 5% skim milk, the membrane was incubated with specific antibodies at 4 C overnight. After that, a secondary antibody was added labeled with HRP (CoWin Bioscience, Beijing, China). Visualization was performed by using a chemiluminescence detection system (Progma, USA) as recommended by the manufacturer. The primary antibodies that were used included MACF1 rabbit pAb (1:500, Abcam, USA), b-catenin rabbit pAb (1:1,000, Cell Signaling Technology, USA), and GAPDH mouse mAb (1:1,000, Calbiochem, USA). All experiments were repeated three times.
Therapeutic Inhibition of miR-208a-3p in HLU Mice
Six-month-old C57BL/6J mice received daily tail-vein injections of antagomiR-208a-3p (HLU+antagomiR-208a-3p), negative control (HLU+antagomiR-NC), and (HLU+PBS) at a dose of 80 mg kg À1 body weight (0.2 mL per injection), for three consecutive days before HLU suspension. 36 AntagomiR was purchased from Sangon Biotech Shanghai. For in vivo transfection, liposomal nanoparticle (DSS) 6 liposome delivery system was used. The mice were then subjected to HLU through tail suspension for 28 days. To maintain the effect of the treatment, HLU mice received another three-treatment regimen of consecutive daily injections of antagomiR-208a-3p after 3 weeks of HLU suspension. All the mice received subcutaneous injections of green-fluorescent calcein (Sigma; 5 mg kg À1 body weight) on day 8 of the experiment and 2 days before sacrifice. On completion of experimental period, mice were euthanized, bones and tissues were harvested, and miR-208a-3p levels in bone tissue were measured.
Statistical Analyses
All numerical data is expressed as the mean ± SD. Statistical differences among groups were analyzed by one-way ANOVA with a post hoc test (after normalization to baseline in HLU study) to determine group differences in the study parameters. Statistical differences between two groups were determined by using Student's t test analysis. All statistical analyses were performed with GraphPad Prism software, version 5.0. *p < 0.05 was considered statistically significant. 
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